The right and left visual hemifields are represented in different cerebral hemispheres and are bound together by connections through the corpus callosum. Much has been learned on the functions of these connections from splitbrain patients [1] [2] [3] [4] , but little is known about their contribution to conscious visual perception in healthy humans. We used diffusion tensor imaging and functional magnetic resonance imaging to investigate which callosal connections contribute to the subjective experience of a visual motion stimulus that requires interhemispheric integration. The ''motion quartet'' is an ambiguous version of apparent motion that leads to perceptions of either horizontal or vertical motion [5] . Interestingly, observers are more likely to perceive vertical than horizontal motion when the stimulus is presented centrally in the visual field [6] . This asymmetry has been attributed to the fact that, with central fixation, perception of horizontal motion requires integration across hemispheres whereas perception of vertical motion requires only intrahemispheric processing [7] . We are able to show that the microstructure of individually tracked callosal segments connecting motion-sensitive areas of the human MT/V5 complex (hMT/V5+; [8]) can predict the conscious perception of observers. Neither connections between primary visual cortex (V1) nor other surrounding callosal regions exhibit a similar relationship.
The right and left visual hemifields are represented in different cerebral hemispheres and are bound together by connections through the corpus callosum. Much has been learned on the functions of these connections from splitbrain patients [1] [2] [3] [4] , but little is known about their contribution to conscious visual perception in healthy humans. We used diffusion tensor imaging and functional magnetic resonance imaging to investigate which callosal connections contribute to the subjective experience of a visual motion stimulus that requires interhemispheric integration. The ''motion quartet'' is an ambiguous version of apparent motion that leads to perceptions of either horizontal or vertical motion [5] . Interestingly, observers are more likely to perceive vertical than horizontal motion when the stimulus is presented centrally in the visual field [6] . This asymmetry has been attributed to the fact that, with central fixation, perception of horizontal motion requires integration across hemispheres whereas perception of vertical motion requires only intrahemispheric processing [7] . We are able to show that the microstructure of individually tracked callosal segments connecting motion-sensitive areas of the human MT/V5 complex (hMT/V5+; [8] ) can predict the conscious perception of observers. Neither connections between primary visual cortex (V1) nor other surrounding callosal regions exhibit a similar relationship.
Results
For most observers, the perception of the ''motion quartet'' ( Figure 1A ; see also Movie S1 and Movie S2 available online) is biased toward vertical motion, presumably due to the cost of interhemispheric transfer. If so, the optimal ratio between horizontal and vertical distance, called ''parity ratio'' (PR), that leads to equal durations of horizontal and vertical motion perception can be used as a behavioral measure of interhemispheric communication between areas responsible for apparent-motion processing. We determined the PR in 28 participants with a retest after 16 weeks to ensure stability of our behavioral measure ( Figure 1B ; Figure S1 ). Analyses showed a large interindividual variability of the PR but a high test-retest reliability [ r(26) = 0.80, p < 0.001], suggesting that the quality of interhemispheric motion integration is a stable trait in participants ( Figure 1C Values below one indicate that the vertical distance of motion quartets must be larger than the horizontal distance for optimal bistability, in accordance with previous results [6, 7, 9] .
One candidate area for the processing of apparent motion is the human motion complex (hMT/V5+), a region in the lateral occipitotemporal cortex that has been related to motion processing in general [8] and to processing of bistable apparent motion [9, 10] . We acquired brain-activation data with functional magnetic resonance imaging (fMRI) to identify hMT/V5+ and V1 employing standard localizer and retinotopic-mapping techniques (Figures 2A and 2B; Table S2 ; see Supplemental Experimental Procedures). From these functionally defined regions, we determined corpus callosum segments in individual participants connecting hMT/V5+ as well as V1 of the two hemispheres using fiber tracking with diffusion tensor imaging (DTI) data ( Figure 2C ; Figure 3A ; Figure S1 ). For comparison, we also defined a segment comprising the posterior fifth of the corpus callosum, excluding hMT/V5+ and V1 segments (splenium remainder; Figure 2C ; Figure 3A ). Finally, different measures of white-matter microstructure in the corpus callosum segments were correlated with PR to identify pathway properties predicting subjective experience of the motion quartet. The measures were fractional anisotropy (FA), which reflects the degree of directed water diffusion; axial diffusivity (AD), representing water diffusion along the main axon direction, which is the left-right axis in the case of the corpus callosum; and radial diffusivity (RD), representing water diffusion perpendicular to the main axon direction ( Figure 3B ; see Supplemental Results and Supplemental Experimental Procedures). We found significant correlations between PR and microstructural integrity of those corpus callosum segments that interconnect left and right hMT/V5+ [ r(26) = 20.44, p = 0.02 for FA]. In accordance with a previous report [11] , we found that AD did not contribute to PR prediction [r(26) = 0.17, p = 0.38], but there was a strong correlation with RD [ r(26) = 0.56, p = 0.002; Figure 4 ]. Therefore, further analyses focused on RD as a measure of callosal microstructure.
To examine the extent to which these structure-function relations reflected interindividual differences in the global layout of the corpus callosum, we compared correlations between PR and anatomical measures not only for the segment linking hMT/V5+ but also for the segment linking V1 and the splenium remainder. In a combined multiple-regression analysis with segment RDs as independent variables and PR as dependent variable, RD of the hMT/V5+ segment was the only variable providing a unique contribution to PR Because the hMT/V5+ and V1 segments showed some degree of overlap, we created two corpus callosum segments of hMT/V5+ and V1 separating the intersection of both segments and performed correlation analyses for the three new segments ( Figure 3A ). Only RD in the unique hMT/V5+ segment showed a significant correlation with PR [r(26) = 0.58, p = 0.001]. There was no effect in the intersection segment [r (24) Table S1 ).
We focused our analyses on RD because, in accordance with a previous study [11] , we found that RD was stronger as a predictor than FA. Nevertheless, because FA is widely used as a main marker of microstructural integrity, we repeated the main analyses with FA values. With regard to the anatomical specificity of results, we performed multiple regression of PR on FA values of the hMT/V5+, V1, and splenium remainder segments. Again, only FA of the hMT/V5+ segment provided a unique contribution to PR prediction [beta = 20.61, t (24) 
Discussion
To the best of our knowledge, we have demonstrated for the first time that PR is a stable characteristic of visual motion processing and is related to the microstructure of specific corpus callosum segments connecting motion-selective cortical areas in healthy humans. Particularly, the high correlation between conscious motion perception and the microstructure of the corpus callosum segment connecting hMT/V5+ of the two hemispheres was topographically specific. No significant correlations were found for neighboring corpus callosum segments in the splenium.
Physiological interpretations of diffusion parameters are challenging because diffusion anisotropy can be influenced by a number of factors, including myelination, axon diameter, and fiber density [12] . The myelin hypothesis would predict a negative correlation between PR and RD, because increased myelin thickness hinders radial diffusion [12] and is associated with faster nerve conduction velocity. The increased conduction velocity, in turn, would result in a better interhemispheric connectivity and thereby a higher PR. However, the PR-RD correlations we found were positive. An alternative explanation for a highly coherent tissue like the corpus callosum would be the axon diameter hypothesis [12, 13] , which would predict a positive correlation between PR and RD because increased axonal diameter has been related to increased RD [14, 15] and faster nerve conduction velocity [16] , which would result in a higher PR. A straightforward interpretation of our results would then be that individuals differ in the speed of callosal transfer, suggesting that the hMT/V5+ segments of observers with a high PR, who showed a higher prevalence of perceiving interhemispheric motion, are characterized by larger-diameter axons and thus faster conduction velocities.
Evidence suggests that axonal membranes are the primary source of diffusion anisotropy in fiber tracts of the nervous system and that myelination, although it can modulate the degree of anisotropy, is not necessary for significant anisotropy [12, 15] . Further support for the diameter hypothesis stems from a substantial fraction of other studies demonstrating correlation signs between behavioral measures and microstructure that are consistent with our results [11, [17] [18] [19] . The results of other studies are interpreted as being supportive of the myelin hypothesis [20] [21] [22] [23] , and a few studies describe microstructure changes in both directions for different relevant structures [13, 24] . For the visual system, DTI parameters of interhemispheric connections have been related to behavioral and electroencephalography (EEG) measures of interhemispheric integration, but the results of the studies are contradictory and therefore do not conclusively support any one of the physiological interpretations [19, 25, 26] . A more subtle mechanism of interhemispheric integration that might be affected by the microstructural properties of transcallosal connections is the coordination of neuronal assemblies in both hemispheres by neuronal synchrony and coherent oscillations. In animals, sectioning of the corpus callosum leads to a loss of interhemispheric coherence on the single-cell [27, 28] as well as the population level [29] . In humans, interhemispheric functional connectivity measured with fMRI breaks down after callosal sectioning [30] , and interhemispheric EEG coherence is sensitive to the configuration of visual stimuli across the midline [31] . For the motion quartet, it has been demonstrated that interhemispheric EEG coherence in the gamma band is increased when observers perceive horizontal compared to vertical motion [32] . Our findings provide strong evidence that, in healthy humans, those effects are mediated by specific callosal connections.
In humans, evidence for the function of callosal connections in conscious visual perception mainly stems from investigations in split-brain patients, who have a partly or completely severed corpus callosum in order to curtail globally spreading epileptic seizures [1] . After surgery, the patients show a deficit in interhemispheric integration for different tasks requiring the transfer of information between hemispheres [33] . In the case of apparent motion, some patient studies suggest that motion perception is abolished or impaired across hemispheres [3, 4] , whereas another study found preserved perception of apparent motion-also for the motion quartet-across the midline [2] . However, the interpretation of findings in splitbrain patients is complicated by the fact that initial deficits have been found to fade over time [1] . It is possible that alternative routes through subcortical structures are strengthened after the loss of callosal connections, enabling interhemispheric transfer at least for a limited set of functions.
The neural correlates of apparent-motion processing have been extensively studied using fMRI. Activity in hMT/V5+ is most consistently modulated by perceptual switches in bistable motion displays [10, 34] . In addition, switch-related activations have been described in the right inferior parietal cortex and bilateral frontoparietal networks [34, 35] . The different roles of those areas have not been studied in detail yet, but the right inferior frontal cortex has been related to the initiation of perceptual switches ( [35] , but see [36] ), and anatomy and function of superior parietal cortices seem to determine the duration of perceptual states [22, 37] . In particular, the connections between frontal and parietal networks have been implicated in other forms of bistable perception [38] . Our results underscore the role of hMT/V5+ for apparent-motion processing. Interindividual variations in interhemispheric connection strength determine the binding of motion cues across the left and right visual field and thereby bias conscious experience of the motion quartet.
Although the splenial topography of our tracking results for hMT/V5+ and V1 are in good agreement with previously published results [39] [40] [41] [42] , we do not claim that the identified callosal segments exclusively connect the seed regions that were the basis for our analysis. From anatomical tracer studies, it is known that human MT receives massive callosal afferents concentrating near the representation of the vertical meridian, but also terminating in other parts of MT [43] . But as a result of the lateral position of hMT/V5+ and crossing fibers from the inferior longitudinal fascicle, connections between the corpus callosum and hMT/V5+ are hard to track using diffusion tractography [39, 44] . In general, several DTI studies have shown that different areas from parietal, temporal, and occipital cortices send transcallosal connections through the middle part of the splenium [40, 42, 45, 46] . In V1, callosal connections seem to connect only neurons near the border to V2 [43] and are also hard to detect using DTI in humans [45] . The logic of our approach was to differentiate callosal segments most likely connecting early visual areas and segments connecting motion-selective areas in lateral occipitotemporal cortex. It was expected that the callosal routes connecting early and motion-selective areas would be in close proximity (see Figure 2C ; Figure S1 ), thereby providing a stringent test for the anatomical specificity of the hypothesized relationship.
The results of our study are based on correlations between variables representing structural brain features and features of participants' subjective experience and therefore do not directly support causal inferences. Nevertheless, it is implausible that perception would per se causally determine whitematter structure rather than the other way around. The concurrent determination of both our structural and behavioral variable by a third factor cannot be excluded, but we demonstrated the specificity of our effects by comparison to neighboring callosal segments, and we also considered a large number of third variables (age, sex, brain volume, volume of hMT/V5+ callosal segments, distance between left and right hMT/V5+; see Supplemental Results) that might mediate or generate such a relationship. The correlation that we found is high and therefore explains a substantial amount of variance, but there might be other factors that could contribute to the remaining variance in subjective experience. In particular, observers may also vary in the intrahemispheric component, i.e., how motion is processed within a hemisphere.
In conclusion, we have shown that the interindividual variability in interhemispheric integration during perception of the motion quartet is partly predicted by the microstructural properties of fibers in a highly specific segment of the posterior corpus callosum. This provides strong evidence in Figure 2C ). The parts of the splenium excluding hMT/V5+ and V1 (splenium remainder, green) were used for control analyses. Because the hMT/V5+ and V1 subregions overlapped in most participants, an additional regression was performed with the intersection and unique segments of hMT/V5+ and V1. (B) Midsagittal slice of diffusion ellipsoids viewed from behind and right at a slight angle. Colors indicate main diffusion direction. Selecting one diffusion ellipsoid in the corpus callosum, it can be seen that diffusion is strongest along the left-right direction, parallel to the main fiber orientation. The diffusion ellipsoids can be characterized by three eigenvalues, l 1 , l 2 , and l 3 , representing the three main orthogonal diffusion directions (see Supplemental Experimental Procedures). Axial diffusivity (AD) is identical to l 1 and represents the main direction of water diffusion, which is the left-right axis in the corpus callosum (see Supplemental Results), whereas radial diffusivity (RD) is the average of l 2 and l 3 and represents water diffusion perpendicular to the main direction. In the corpus callosum, l 2 and l 3 are highly correlated (see Supplemental Results) so that it is warranted to merge the two parameters. Fractional anisotropy (FA) combines all three eigenvalues in a nonlinear fashion and indicates how much a diffusion ellipsoid deviates from a spherical shape (FA = 0; maximum FA = 1). Estimation and illustration of the diffusion ellipsoids were performed using MEDINRIA v1. Only radial diffusivity of hMT/V5+ callosal projections predicted behavioral variance of the parity ratios. No relations were found between parity ratios and radial diffusivity in callosal V1 projections and in the splenium remainder.
